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Abstract 
Greenhouse gas emissions from industrial processes, such as cement manufacturing or steel production, in Australia accounts for 
more than 40 Mt CO 2-e per annum, representing close to 20% of Australia’s potentially sequesterable emissions. F urther, the 
emissions from these processes are highly concentrated in CO 2 compared to the emissions from power generation. It is not clear 
if these higher concentrated gases may provide low cost options for demonstrating CO 2 capture or if this benefit will  be lost due 
to the smaller total volume of CO 2 emissions of most industrial processes. Nevertheless, this sector of the economy requires 
further analysis.  
 
This paper will provide an overview of the emissions from Australian cement sector  including both the emissions from the 
chemical process itself, as well as the associated emissions from energy use within those processes. Specific attention will be 
focused on the Aust ralian cement industry.   
 
While CCS involves the integrated part of capture, transpor t and storage, the focus of this paper is on the capture side and will 
illustrate CCS options for the cement industry. 
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1. Introduction 
The vast majority of research on carbon capture and storage (CCS) technology focuses on capturing CO2 from 
large ‘point sources’ and these are most commonly coal fired power stations. This focus has also created confusion 
about the terminology for CCS, which is often mistaken for Clean Coal Technology (CCT). While CCS is a CCT, 
the opposite does not hold since it does not account for the other l arge point sources of carbon dioxide (CO 2).  
These other sources include: CO2 from gas fired turbines for electricity generation; CO2 from the production of 
chemicals and fertilisers; CO2 from natural gas production platforms (where the CO2 is stripped so that the natural 
gas can meet the pipeline requirements); CO2 from oil refineries; CO 2 from ferrous and non ferrous metal production 
and CO 2 from the production of construction materials such as lime and cement. The estimation of CO 2 from these 
other sources is more complicated, and in some instances there is CO2 contribut ed from the energy used in the 
process (e.g. burning of fossil fuel in a cement kiln to provide heat) and also CO 2 from the chemical reactions taking 
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place. It is true that CO2 emissions from coal fired power stations are the largest anthropogenic source of CO2. 
Nevertheless, the other sources make a significant contribution to global CO 2 emissions .   
Looking at Table 1, the emissions of non electricity producing sectors represents 18% of t he total global energy 
related emissions. The majority of global funding mechanisms for CCS demonstration plants come from the coal 
sector and imply that these funds should be used for demonstrating CCS at coal fired power stations, rather than at 
the smal ler ‘industrial processes’ sources . This is reflected by the limited number of research pape rs of CCS for 
industrial processes.   
 
SECTOR Flue gas 
(%CO2) 
Global CO 2 emissions 
(Mt) 
% of Global Energy 
Related Emissions 
Electricity – coal 12-14 7984 59.7 
Electricity – gas turbines  3 to 10  1511 11.3 
Gas production 2 to 65  50 0.4 
Oil refining 3 to 13  798 6.0 
Iron and Steel  Up to 27 646 4.8 
Cement Up to 33 932 7.0 
TOTAL  11921 89.2 
Table 1: Estimate of global anthropogenic CO 2 emissions – limited to energy related sectors  (based on IPCC – 2005 – Special Report on Ca rbon 
Dioxide Capture and Storage)  
 
The IEAGHG has produced a couple of papers investigating emissions and capture opportunities from the cement 
sector (IEAGHG 1999 & IEAGHG 2008). The first paper concluded that cement was a significant emitter of CO2 
but that the sector was looking at alternative options for reducing CO2 emissions. The recent paper performed some 
economic analysis for CO2 capture from the cement industry. They studied the cost of post combustion capture and 
oxyfiring  and found that oxyfired retrofitting was a cheaper alternative for their scenario. They also concluded that 
CO2 capture from larger cement plant with a capacity of 3 Mt of clin ker or more, such as those being build in China, 
would make capture from cement plants competitive with capture from power generation. It should be noted that the 
costs for comparison to the power sector were those published in 2004/05, and that the cost of capture since then has 
significantly increased (IEA GHG 2008) due to large increase in raw material and labour costs. Furthermore, the 
IEAGHG (2008) study assumed that a new power plant was required to regenerate the solvent and this resulted in 
very large capital  and operating costs. Nevertheless, the study provides some good insights about capture 
opportunities in the cement sector  and highlighted that the higher concentration of flue gases provided potential to 
reduce the capital costs for the capture plant .  
 
The aim of this paper is to present the potential of the industrial processes sector – focussing on cement – in 
Australia and how this may form a pathway to commercial CCS deployment. Emissions from these sectors provide a 
flue gas with a much higher concen tration compared to the electricity producing sector, and this may reduce the cost 
of CO2 capture from these processes. Furthermore, there is signific ant low grade heat available in the cement sector 
that can be used to regenerate the material used for separating the CO2 from the flue gas. Hence a detailed study of 
CO2 from th is sector is warranted.  
2. Australian Emissions  
The Australian Department of Climate Change (previously the Australian Greenhouse Office) estimates current 
and projected emissions of CO 2 from different sectors of the economy according to the guidelines set out by the 
United Nations Framework Convention on Climate Change and also according to the guidelines of the Kyoto 
Protocol ( AGO 2007a).  These publications provide a good estimate for total CO2 emissions from Australia but do 
not provide details about the point sources and the amount of CO 2 available at those point sources . Further, the 
guidelines for estimating the national greenhouse gas emissions separate the CO2 emissions due to fuel  consumption 
from the CO2 emissions created by the chemical process (e.g. calcination of limestone). These estimates are on 
actual emissions in a particular year and not on the maximum potential emissions from those point sources. It is 
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preferable to determine the maximum emissions since some plants may not be producing at maximum capacity but 
may do so at some point in the future.  Identifying CCS opportunities should work on the basis of the maximum 
emissions from the current industry rather than on the actual emissions, especially if there is sufficient scope for 
growth within the current industry base.  T able 2 shows Australia’s current and projected CO2 emissions .  
 
 Emissions (Mt CO 2-e) 
Sector 1990 2005 Kyoto Average 2020 
Energy 287.0 391.0 429 475 
Industrial Processes  25.3 29.5 38 49 
Agriculture 87.7 87.9 93 100 
Waste 128.9 33.7 15 15 
Land Use, Land Use Change and 
Forestry 
18.3 17.0 24 24 
Total  547.1 559.1 599 664 
Table 2 : Current and projected greenhouse gas emission from Australia (AGO 2007b, D CC 2008)  
 
Earlier work by Bradshaw et al  2004 showed the emissions from the largest 50 point sources in Australia based 
on data from 1998 but this work was limited to the emissions from the energy sector. That study highlighted that 
Australia’s emissions c ould be grouped into 8 major hubs and that those hubs contained over 90% of Australia’s 
total CO2 emissions. It is important to know the location of CO2 sources for guiding the exploration program for 
CO2 storage sites.  
From a policy perspective, emissions f rom coal fired power stations have become the main focus in Australia and 
overseas. This due to a combination of the global emissions from coal fired power station s  being by far the largest 
contributor to greenhouse gases , and growing significantly by 2050 (IEA 2008), but also due to the coal sector being 
more proactive in providing funding into CCS research and demonstration, through for example the Australian Coal 
21 program.  Then again, the only current large scale CCS projects worldwide are all owned and operated by major 
oil and gas companies.  Nevertheless, the other emissions sources, which also use fossil fuels and especially coal,  
may actually be a better platform for demonstrating CO2 capture technologies.     
2.1.  Emissions from the Australian Cement I ndustry 
The Australian cement sector is small by global standards, producing approximately 8.5 Mt of cement for the 
Australian market in 2005 (CIF 2006). There are three major cement producers in Australia and together they are 
represented by the Cement In dustry Federation.  
The Australian, and indeed, the global cement sectors, have made significant reduction s in reported CO2  
emissions per tonne of cement produced using a combination of the following strategies:  
o using biomass and wood  waste from landfill as a substitute for fossil fuels. According to greenhouse gas 
accounting rules, CO2 from the combustion of biomass are not counted and hence this is producing 
reductions in CO 2. Nevertheless, it should be noted that the CO2 is still being produced, and that  this 
CO2 can be captured and geologically stored;   
o using other non renewable fuels such as carpets and tyres. This does not directly reduce CO 2 emissions  
but allows the cement industry to divert these materials going to landfill . The operating temperature of 
cement kilns is higher compared to power generation boilers and this provides a means of burning these 
materials cleanly and efficiently;  
o substitution to a lower carbon intensive fuel, such as using natural gas instead of coal in kilns. This 
reduces the amount of CO 2 released for the same heat content provided to the kiln although this must be 
offset by the general higher cost of natural gas compared to coal; 
o substituting to a more efficient process , i.e. from long ‘wet’ kilns to shorter ‘dry’ kilns. A number of 
process improvements are reducing the heat required to process the raw meal fed to a kiln. Nearly 75% 
of clinker in Australia is currently produced using ‘dry’ kiln technology with a precalciner compared to 
less than 10% in 1990.  
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o the use of clinker substitutes such as slags from iron and steel production o r fly ash from power 
generation. This reduc es the amount of limestone that needs to be reacted at the cement plant while 
maintaining the amount of cement produced as the fly ash is mixed with the clinker as a substitute. 
The Australian cement sector has used the above strategies to reduce its reportable CO2 emission per tonne of 
cement produced by 20% between 1990 and 2007  (CIF 2007). The total emissions from the cement industry equal  
7.1 Mt CO2-e but this also includes the indirect emissions associated with the use of electricity.  
Any further cuts are limited to the extent of which  cement extenders can be used to still produce a material with 
the right stress and strength properties. Further redu ctions beyond that will require either a move away from a 
calcination process (i.e. not using a carbonate as a raw material) or to adopt the use of CCS for the cement industry.  
Since the move away from using carbonates unlikely, CCS is the only option available to the cement sector for deep 
cuts from cement production. The Energy Technology Perspectives (IEA, 2008) agrees with this and h as a target of 
between 400 and 1380 Mt of CO 2 captured and stored from the cement industry by 2050.  
3. Cement Processes  
A c ement plant consists of three major sections:  
o Raw materials preparation; 
o Pyroprocessing of the raw material into cement clinker; and 
o Finishing and packaging.  
The majority of energy consumed in a cement plant occurs in the pyroprocessing of the raw material . This is an 
energy intensive process and uses approximately 80% of the total energy consumed in the whole process. More 
importantly, this energy is provided through the di rect combustion of fossil fuels, biomass or other alternatives to 
provide a high tem perature process. The energy used in the raw material preparation, the finishing and packaging is 
predominantly electricity that is imported via the electricity grid.  
The kiln , used for pyroprocessing, can be represented by  three zones that represent uniq ue chemical/physical 
processes.  
At low temperature, the raw meal is dried. The moisture content depends on the process configuration  but 
generally ranges between 15 and 35% H 2O. The purpose of the first third of the kiln is to dry the material. This is 
of ten enhanced  in a ‘wet’ kiln  by installing chain curtains (Mintus et al 2006) within this early section as that 
promotes heat transfer between the gas phase and the raw meal being processed. The temperature  of the d ried 
material after the drying region is typically around 300°C . 
At temperatures between 300°C and 1000 °C, the calcination reactions occur. The main reaction  is that of calcium 
carbonate, as shown below:  
 + CO 2(g) : ΔHf = 1780 kJ/kg CaCO 3, Reaction temperature approximately 900 °C  
The raw meal for preparing ordinary Portland cement typically contains approximately 65% of CaCO 3 and a 
couple of percent of MgCO3 with the remaining 30 or so percent made up of alumina silic ates. These alumina 
silicates fuse with the produced CaO to form clinker and this occurs in the hot part of the kiln at temperatur es 
between 1200°C and 1500 °C.  
A high temperature heat source is required to drive the clinkering reactions. Gartner (2004) showed that the 
calcination temperatu re acts as a kind of “thermal bottleneck” in the process, since the heat available below this 
temperature cannot be used to drive the calcination reactions. This results in an excess of heat at the lower 
temperature to dry the wet feed and as a consequence, hot flue gases are produced.  
 
3.1.  Methodology 
The CO 2 emissions from cement production include the emissions from fuels used to provide heat to the process, 
emissions from the chemical reactions and indirect emissions from the electricity consumed in the process. The 
focus in this paper is on the direct emissions from the cement manufacturing plant and not the indirect emissions 
associated with the consumption of electricity. Hence the direct emissions from a cement plant, Eplant  in tonnes per 
annum, can be estimated as: 
Eplant=(Hprocess.EFfuel/10
6+EFcalcination)*Qclinker 
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where Hprocess  is the direct energy consumption for that parti cular calcining process as shown in Table 3 in kJ/kg 
clinker, EF fuel is the fuel emission factor for the fuel used in that process in kg CO2/GJ, EF calcination  is the CO2 
emission factor for clinker production from the AGO Factors and Methods Workbook (2006) and Q clinker is the 
amount of clinker produced in tonnes per annum.  
 
Process Type Dry Semi wet/dry Wet 
Direct energy consumption  
Hprocess (kJ/kg clinker) 
2750 to 4000 & 
 
3500  to 5000& 
 
5000 to 7000 & 
 
Fuel Type Coal  Natural Gas Alternatives *  
(e.g. biomass)  
Point source e mission factor  
EF fuel (kg CO 2/GJ) 
90.3 52.0 94.6 
Clinker production emission 
factor EF calcination  
(kg CO 2/ kg clinker)  
0.534 0.534 0.534 
Source: IEAGHG (2008) and AGO (2006) 
Notes: &midpoint is assumed for direct energy consumption in Australian kilns, * the CO2 emissions from 
biomass are generally not counted as they are assumed to be taken up by new growth, however, emissions 
are stil l produced and hence form part of the total CO 2 being emitted from a point source. An emission 
factor of 94.6 kg CO 2/kJ is assumed based on brown coal which has a similar energy (and water) content.   
Table 3: Factors used in the estimation of emissions fr om Australian cement producing plants.  
 
The data in Table  3 is consistent with the approach used in Australian National Greenhouse Gas Inventory (AGO 
2007a) and includes a specific estimate for process emissions for Australian cement plant . 
4. Results  
Table 4 shows the estimated potential emissions from Australian cement producers , and Figure 1 shows the 
geographical distribution of these emission sources.  
The majority of cement processes still use coal as a fuel in their kiln but there has been a move towards dry kiln 
technology. There are 11 major cement plants in Australia ranging from 140 to 1600 kt clinker capacity per annum. 
These producers employ a range of fossil fuels and different process types that may affect the specific opportunities 
for CCS at ea ch site. Nevertheless, the estimated emissions range from 151 to 1342 kt CO 2 per annum.  
The estimated CO2 produced in Table 4 is 13% above the actual CO2 reported during 2004/05. This corresponds 
well to the amount of clinker produced in that year, which w as 14% below the capacity of the industry, estimated at 
7750 kt pa.  
 
 
 
D.R. Van Puyvelde / Energy Procedia 1 (2009) 109–116 113
6 Author name / Energy  Procedia 00 ( 2008) 000–000 
 
Cement Producer 
ID by State 
Clinker Capacity 
(kt) 
Process Type Fuel Used  Estimated 
Emissions (kt CO 2) 
NSW 1  1100 dry coal 923 
NSW 2  440 wet coal 473 
NSW 3  300 wet coal 323 
NSW 4  450 dry coal 377 
VIC 500 dry gas/alternatives  355 
QLD 1  1600 dry coal/ alternatives 1342 
QLD 2  140 wet coal 151 
SA 1 1300 dry gas 922 
SA 2 250 semi wet/ dry  gas 189 
WA  570 wet gas/ coal/ alternative  548 
TAS 1100 dry coal 923 
TOTAL 7750   6525 
TOT AL production 
in 2005 
6657   5688 
Table 4: estimates of clinker capacity and emissions from ceme nt producing plants in Australia (Data from Cement Industry Federation)  
5. Discussion 
There are a number of hurdles that need to be overcome with respect to post combustion capture at power plants 
using solvent  technology. One of these is the low partial pressure of the CO2 in the flue gas. To capture the large 
volumes of CO2 emitted at power plants (typically greater than 2 million tonnes pa) requires very large equipment,  
which incurs high costs and large footprints. Secondly, the large amount of energy required to regenerate the solvent 
diverts heat from the low pressure turbine reducing the electricity output of a power station. Another hurdle, 
somewhat unique t o Australia, is that Australian power stations are not fitted with flue gas desulphurisation since 
Australian coals are quite low in sulphur and do not cause atmospheric problems. Power stations using coal generate 
between 100 and 500 ppm of SO 2 depending on the coal used. This concentration is too high to be processed with an 
amine solvent process and will result in significant degradation of the solvent so that more solvent will need to be 
replaced (i.e. more running expenses). The capture efficiency is also reduced and more energy is required.  Thus, it is 
likely that in Australia deploying capture at power plants will require additional pretreatment facilities adding to the 
capital and operating costs.  
In comparison, there are a number of advantages of c apturing CO2 at cement plants .  
The concentration of CO2 from cement plants is typically double or more compared to that of coal fired power 
stations. This arises because nearly 2/3 of the CO 2 from a cement process comes from the actual decomposition of 
the raw materials. As reported previously (IEAGHG 2008) this means that smaller columns can be used to separate  
the same quantity of CO2. Reducing the size of the equipment also results in reduced inventory (i.e. solvent 
volumes) required to achieve this sep aration. As a result, both the capital and operating costs for a capture plant at a 
cement plant would be smaller compared to a power station.  
Cement processes require a high temperature energy source to drive the chemical reactions to form cement 
clinker. This produces an excess of energy at the low temperature and results in significant sensible heat within the 
flue gases. This excess heat could be balanced with the sensible heat required for regenerating the solvent within a 
potential capture plant. A detailed heat balance across a cement plant is warranted and this will lead to identifying 
potential areas for heat integration with a capture plant.  
The SO 2 concentration at cement plants is also lower than power plants, often being reported as less than 1 ppm,  
although that would be on the basis of natural gas being used as a fossil fuel. This provides an advantage in that the 
flue gases from a cement plant would not require to be cleaned for SO 2 and this would reduce the capital costs.  
The Australian cem ent sector has 4 point sources that emit approximately 1 Mt of CO2 per year. Demonstration 
of capture at plants of this size are essential to accelerate the deployment of CCS technology and cement plants offer 
a unique opportunity to demonstrate CO2 captur e with the likelihood of lower costs than at power plants . As shown 
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in Figure 1, the emissions from the cement sector are well distributed around Australia. Some of these cement plants 
are located close to potential CO2 storage sites. The level of explorat ion within these basins is variable, but some 
appear more prospective than others. For example, the Blue Circle plant near Melbourne is located in the onshore 
Otway Basin, from which significant oil and gas has been produced. Hence this may be a good candidate source -
sink match for a demonstration project. On the other hand, the Cement Australia plant in Queensland is located at 
some distance from potential storage sites so the transportation cost would become more of an issue.  
 
 
Figure 1 : Emission point -sources from cement production in Australia. The basins highlighted in yellow are sedimentary basins that may 
contain suitable storage reservoirs.  
6. Conclusions 
The cement industry offers a unique opportunity to demonstrate the capture of CO 2 from flue gase s at 
commercial scale through three potential benefits.  
Firstly, cement kilns produce much more concentrated stream of CO2 (up to  31%) compared to power stations 
(12 to 14% ). The benefit is that the higher concentration of CO2 means that smaller capital equipment, and hence 
lower cost, is required to achieve the desired volume of  CO2 for storage.  
Secondly, cement kilns have exhaust gas temperatures of approximately 200°C or above and this heat can be 
used to recover the solvent used in the capture process . One of the concerns with capture from power stations is that 
low pressure steam needs to be diverted from the turbines resulting in less electricity being produced. The use of this 
heat from a cement plant does not impact on the production of cement.  
Thi rdly, SO 2 emissions from cement plants, especially dry kilns using natural gas as a fossil fuel, are negligible 
compared to  those from power stations. This has an advantage in Australia since Australian power stations are not 
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fitted with F lue Gas Desulphur isation (FGD). Demonstrating capture technology at a cement plant will reduce the 
cost associated with retrofitting power stations to remove SO2 from its flue gases prior to the capture process.  
Australia produced approximately 8 Mt of cement per year, and associated with that are 5.7 Mt CO2 as direct 
emissions. There is a significant potential to use these emissions for demonstrating commercial capture. This wi ll be 
of benefit to fossil fuel producers, electricity generators using coal and also other ener gy intensive sectors.  
A more detailed study exploring these options should be undertaken urgently and used to inform the current 
discussion of 20 demo nstration projects as backed by the G8.  
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